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The cell adhesion molecule L1 is implicated in several processes in the developing and adult nervous
system. Intracellular trafﬁcking of L1 is important for cell migration, neurite growth and adhesion.
We demonstrate here that L1 is ubiquitinated at the plasma membrane and in early endosomes.
Mono-ubiquitination regulates L1 intracellular trafﬁcking by enhancing its lysosomal degradation.
We propose that L1’s ubiquitination might be an additional mechanism to control its re-appearance
at the cell surface thereby inﬂuencing processes like neurite growth and cell adhesion.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The neural cell adhesion molecule L1 belongs to the immuno-
globulin superfamily and is critical for various neurodevelopmen-
tal processes including cell adhesion, axon fasciculation, neurite
outgrowth and cell migration [1]. The importance of L1 is demon-
strated by severe neurological disorders resulting from mutations
in the human L1 gene collectively referred to as L1 syndrome [2].
The neuronal form of L1 contains an YRSL sorting signal enabling
clathrin-dependent endocytosis. After endocytosis in the central
domain of the neuronal growth cone, L1 is transported to the
peripheral domain where it is reinserted into the plasma mem-
brane [3–5] which is important for neurite outgrowth and polar-
ized growth cone adhesion [6].
It is known that ubiquitin (ubi) regulates not only proteasomal
degradation, but also subcellular localization and turnover of mem-
brane proteins, including cell adhesion molecules [7–10]. Different
types of ubiquitination – mono-, multiple mono- or poly-ubiquiti-
nation – regulate different cellular processes, e.g., endocytosis can
be controlled by mono- and multiple mono-ubiquitination,
whereas only mono-ubiquitination seems to be implicated in
endosomal sorting [10].chemical Societies. Published by E
tation; IB, immunoblot; wt,
enzyme
al Sciences, Department of
, 53115 Bonn, Germany. Fax:In this study we show that ubiquitination regulates intracellular
trafﬁcking of L1. Ubiquitination of L1 might therefore be involved
in L1-dependent functions in processes like cell migration and
growth cone motility.
2. Materials and methods
2.1. Cell culture and transfections
B35 and B35-L1 cells have been described earlier [11]. B35 cells
were transiently co-transfected with L1 and hemagglutinin (HA)-
ubiquitin expression plasmids or triple transfected with L1, GFP-
Rab4, GFP-Rab5 or GFP-Rab11 and HA-Ubi-wt or HA-Ubi-K0 using
Turbofect™ reagent (Fermentas). Primary neuronal cultures were
prepared and transfected as described [12] using plasmids encod-
ing for L1, GFP-LAMP1 [13], and HA-ubiquitin.
2.2. Endocytosis and co-localization studies
Endocytosis of L1 in B35 cells and primary neurons was induced
for 30-60 minutes with L1 antibodies [12,14,15] and carried out
essentially as described [4,8]. LysoTracker (200 nM, Molecular
Probes) was added to medium during endocytosis induction to
identify lysosomes. Cell surface L1 was detected with Alexa 633-,
internalized L1 with Cy2-conjugated anti-mouse antibodies after
cell permeabilization. For co-localization of internalized L1 with
ubiquitin (HA-Ubi-wt or HA-Ubi-K0), GFP-Rab5, GFP-Rab4 or
GFP-Rab11 extracellular binding sites of the L1 antibody werelsevier B.V. All rights reserved.
Fig. 1. L1 is ubiquitinated at the cell surface. (A) B35-L1 cells were lysed and
subjected to immunoprecipitation (IP) with L1-speciﬁc antibodies. Immunoblot
analysis (IB) was carried out using FK1 antibody. The blot was reprobed with P4D1
antibody. A further incubation with L1-speciﬁc antibodies was carried out as
control. To control the functionality of the antibodies whole cell lysates were
applied to the gel (L). (B) For isolation of cell surface L1 from B35-L1 cells, cell
surface proteins were biotinylated and lysates were subjected to immunoprecip-
itation with L1-speciﬁc antibodies. After elution of immunoprecipitated L1 a second
precipitation with streptavidin-agarose beads was performed to isolate cell surface
L1 proteins (cell surface L1). As a control total L1 was immunoprecipitated from the
cell lysate (total L1). Immunoblot analysis was performed using P4D1 antibodies.
The blot was reprobed with L1-speciﬁc antibodies as control.
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abilization cells were incubated with rat anti-HA antibodies. Inter-
nalized L1 and ubiquitin were detected with anti-mouse Cy3- and
anti-rat Cy5-conjugated antibodies. Embedded cells were imaged
using a confocal microscope equipped with a 63/1.4 oil objective.
2.3. Cell surface biotinylation and immunoprecipitation (IP) of L1
Internalized L1 was quantiﬁed by reversible biotinylation
according to Gabriel et al. [16]. Additionally, B35-L1 cells were pre-
treated for 4 hours with chloroquine (100 or 200 lM, Sigma–Al-
drich), lactacystin (10 lM, Sigma–Aldrich) or control treated.
Endocytosis of L1 was also performed in the presence or absence
of the inhibitors. Equivalent protein amounts of each sample were
used for streptavidin afﬁnity chromatography, subjected to SDS–
PAGE and immunoblot (IB) analysis with L1 antibody.
For the immunoprecipitation of L1 from L1-B35 cells same pro-
tein amounts were used. Determination of ubiquitinated cell sur-
face L1 and immunoblot analysis was performed as described in
Diestel et al. for NCAM [8].
2.4. Quantiﬁcation and statistical analysis
Endocytosis was quantiﬁed by counting L1-positive vesicles.
Quantiﬁcation of co-localization was performed by counting L1-
positive vesicles and vesicles containing L1 and the respective spe-
ciﬁc marker (indicated in yellow). Both values were set in relation
to each other and the percentage of L1 co-localizing with the mark-
ers was calculated.
Statistical analysis was carried out with one-way ANOVA. Data
are presented as mean ± S.E.M.
3. Results
A possible role for ubiquitin in the regulation of L1 intracellular
trafﬁcking has not been investigated yet. To address this issue, we
immunoprecipitated L1 from B35-L1 cells and probed immuno-
blots using antibodies FK1 or P4D1 recognizing speciﬁcally poly-
ubiquitinated proteins or poly- and mono-ubiquitinated proteins,
respectively [17]. FK1 immunoblots revealed weak signals repre-
senting poly-ubiquitinated L1 (Fig. 1A) whereas a strong signal ap-
peared after reprobing the same blot with P4D1 antibody. This
result strongly suggests that L1 is mainly mono-ubiquitinated,
but also weakly poly-ubiquitinated. To determine whether ubiqui-
tination occurs at the plasma membrane, cell surface biotinylation
was performed followed by immunoprecipitation of L1 and further
precipitation with streptavidin-agarose beads. Isolated cell surface
L1 was subjected to SDS–PAGE and P4D1 immunoblots revealed
that cell surface L1 is indeed ubiquitinated (Fig. 1B).
As described earlier, overexpression of ubiquitin did not change
the endocytic rate of L1 [8]. To further analyse L1 trafﬁcking and
the role of ubiquitin, we ﬁrst analysed a possible lysosomal sorting
of L1 in primary cortical neurons. After antibody-induced internal-
ization we observed L1-positive vesicles containing endogenous or
overexpressed L1 in the soma and growth cones of cortical neurons
that co-localized with lysosomes (Fig. 2A).
To investigate L1 ubiquitination in more detail, L1 was co-
expressed in B35 cells together with either a ubiquitin construct
lacking all lysine residues (HA-Ubi-K0) allowing exclusively mono-
ubiquitination of target proteins or ubiquitin-wild type (wt)
(HA-Ubi-wt) allowing all possible ubiquitin modiﬁcations. As
expected, overexpression of either HA-Ubi-wt or HA-Ubi-K0 had
no effect on L1 endocytosis (Fig. 2B). We next investigated whether
lysosomal degradation of L1 might be enhanced by overexpression
of either HA-Ubi-wt or HA-Ubi-K0. We found that under control
conditions 9.4 ± 0.8% (set to 100 ± 8.5%) of internalized L1 is local-ized in lysosomes. However, when L1 was co-expressed together
with either HA-Ubi-wt or HA-Ubi-K0 the lysosomal localization
was increased to 12.67 ± 1.0% or 14.4 ± 1.1% lysosomal localization,
respectively (Fig. 2C and D, corresponding to 134 ± 10.3% or
153 ± 11.8% increase, respectively, compared to 100 ± 8.5% in con-
trol conditions). These data indicate that the mono-ubiquitination
regulates lysosomal sorting of L1.
We next analysed total L1 expression following co-transfection
with HA-Ubi-wt or HA-Ubi-K0, respectively. After endocytosis
induction we detected a signiﬁcant reduction of L1 expression
compared to the control (set to 100%) when it was co-expressed
with HA-Ubi-wt (44.5 ± 10.8%) or with HA-Ubi-K0 (34.3 ± 20.1%,
Fig. 3A and B). To further conﬁrm lysosomal degradation of L1,
we analysed whether inhibition of lysosomal degradation of L1
may affect the amount of internalized L1. We therefore performed
reversible biotinylation allowing speciﬁc detection of internalized
L1. Inhibition of lysosomal degradation by the speciﬁc inhibitor
chloroquine signiﬁcantly increased levels of internalized L1 in a
concentration dependent manner (213 ± 75% or 298 ± 84% for
100 lM or 200 lM chloroquine, respectively) compared to the
control (100%). In contrast, the speciﬁc inhibitor of proteasomal
degradation lactacystin had no effect on internalized L1 levels
(125 ± 47%) compared to 100% in the control (Fig. 3C and D).
Ubiquitin can be cleaved intracellularly from its target proteins
by de-ubiquitinating enzymes (DUBs) thereby preventing them
from degradation instead allowing recycling to the cell surface.
Fig. 2. Mono-ubiquitination of L1 increases its lysosomal degradation. (A) Endogenous mouse (mL1, red) and overexpressed human L1 (huL1, red) is localized in lysosomes
(detected by GFP-LAMP1 or Lysoracker, green) in primary neurons after induction of L1 endocytosis. (B) Quantiﬁcation of endocytosed L1. B35 cells were co-transfected with
L1 and HA-Ubi-wt, HA-Ubi-K0 or empty expression plasmid (control), endocytosis assays were performed according to [4,8]. L1-positive vesicles were counted from three
experiments with approximately 15 cells analysed in each experiment. (C and D) B35 cells were co-transfected as in (B). Endocytosis of L1 was induced in the presence of
LysoTracker. Internalized L1 (green) and cell surface L1 (blue) were immunostained. (C) Quantiﬁcation of lysosomal-localized L1 from three experiments with approximately
15 cells analysed in each experiment, *P < 0.05, **P < 0.01. (D) Representative images of internalized L1 in the absence (control) or presence of HA-Ubi-K0. Arrows in the inset
depict co-localization of L1 and LysoTracker.
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Fig. 3. Ubiquitin increases lysosomal degradation of L1. (A) B35 cells were co-transfected with L1 and HA-Ubi-wt, HA-Ubi-K0 or empty expression plasmid (control).
Endocytosis of L1 was induced with L1-speciﬁc antibodies (AB, +) or control treated (). Cell lysates (25 lg) were loaded onto an SDS gel and subjected to immunoblot
analysis using L1-speciﬁc antibodies. Equal loading was controlled by immunoblotting with transferrin receptor (TfR)-speciﬁc antibodies. (B) Quantiﬁcation of (A) was carried
out from ﬁve experiments. The control was set to 100% and L1 expression signals were related to the TfR signal from the same lane, *P < 0.05. (C) L1 expressing B35 cells were
biotinylated. As a control for total L1 expression cells were directly lysed (T). In the stripping control (S) cell surface biotin was removed before cell lysis. To analyse levels of
internalized L1, L1 endocytosis was induced and remaining biotin was removed from the cell surface before cell lysis. Equivalent protein amounts were then subjected to
precipitation with streptavidin-agarose beads to isolate internalized proteins followed by immunoblot analysis with L1-speciﬁc antibodies. (D) Quantiﬁcation of L1 signals
from ﬁve independent experiments, *P < 0.05, CLQ: chloroquine, LCN: lactacystin.
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in primary neurons (Fig. 4A). To identify the cellular compartment
where internalized L1 is ubiquitinated, L1 was co-expressed in
B35 cells with ubiquitin and either the early endosome marker
GFP-Rab5, or the recycling endosome markers GFP-Rab4 or GFP-
Rab11, respectively. Confocal microscopic analysis revealed a
partial co-localization of L1 with ubiquitin in Rab5-positive early
endosomes (Fig. 4B). In contrast, ubiquitinated L1 was never ob-
served in Rab4- or Rab11-positive recycling endosomes since no
triple stainings could be observed (from a total of 30 cells). Only
non-ubiquitinated L1 was sorted to these compartments (Fig. 4C
and D, arrows with ﬁlled heads). However, co-localization of L1
and ubiquitin could be detected (Fig. 4C and D, arrows with open
heads), probably in different vesicle types. Therefore, we hypothe-
size that ubiquitin might be cleaved in the endosomal fraction
from L1 thereby directing non-ubiquitinated L1 to the recycling
pathway and ubiquitinated L1 to the degradation pathway.4. Discussion
We show here that L1 is mainly mono-ubiquitinated, that L1 is
partially degraded in lysosomes and that mono-ubiquitination of
L1 enhances this degradation pathway. The role of the weak
poly-ubiquitination is not yet clear.
L1 is endocytosed in the central domain of growth cones and re-
inserted in the peripheral domain [3] which is important for
growth cone motility and collapse [6,18]. Endocytosis of L1 might
be dispensable after growth cone stabilization and re-insertion ofinternalized L1 into the plasma membrane might then be pre-
cluded by lysosomal degradation. Conversely, during growth cone
migration and collapse DUBs may cleave ubiquitin from internal-
ized L1 to target it for recycling. Therefore, ubiquitination of L1
may represent a sensing mechanism regulating recycling versus
lysosomal degradation of L1.
Although we observed small amounts of lysosomally localized
L1 in growth cones, endocytosed L1 was mainly detected in somata
suggesting that L1 ubiquitination might also be implicated in other
processes. It is of interest to note that endosomal trafﬁcking of L1 is
required to target L1 from the somatodendritic compartment to
the growing axon. Internalized L1 is partially degraded lysosomally
in the somatodendritic compartment whereas the major part is
transcytosed to the axon [19]. In this process ubiquitination might
regulate the appearance of L1 in axons.
How can it be explained that only such a small amount of L1 is
ubiquitinated and why is not all L1 present in early endosomes
ubiquitinated? One reason could be a continuous basal cycling of
L1 needed for ﬁne regulation of L1 to respond to quick environ-
mental changes which involves loosening of synaptic contacts
and building up new synapses thus contributing to plasticity. Com-
patible with this hypothesis, L1 endocytosis and recycling has been
proposed to play a role in the maintenance of LTP-induced synaptic
changes [20,21]. Dephosphorylation of tyrosine-1176 (Y1176)
allows AP-2 binding and subsequent clathrin-dependent endocyto-
sis and recycling. Following LTP-induction in the hippocampus,
Y1176 is mainly dephosphorylated suggesting that clathrin-medi-
ated endocytosis and recycling of L1 at presynaptic sites is en-
hanced by certain kinds of neural activity [21]. Our result that
Fig. 4. Internalized L1 in early endosomes is ubiquitinated. (A) Internalized L1 (red) partially co-localizes with ubiquitin (green) in primary neurons. (B, C and D) B35 cells
were triple transfected with L1, HA-Ubi-wt and GFP-Rab5 (B), GFP-Rab4 (C) or GFP-Rab11 (D), respectively. L1 endocytosis was induced and internalized L1 (red) and HA-ubi-
wt (blue) immunostained. Arrows with ﬁlled arrowheads in (B) indicate ubiquitinated L1 in Rab5-positive early endosomes. In (C) and (D) ﬁlled arrowheads indicate non-
ubiquitinated L1 in Rab4- or Rab11-positive recycling endosomes, whereas open arrowheads highlight the presence of ubiquitinated L1 in Rab4- or Rab11-negative
endosomes, respectively.
M.K.E. Schäfer et al. / FEBS Letters 584 (2010) 4475–4480 4479the Y1176F mutant of L1 is signiﬁcantly less ubiquitinated would
conﬁrm this hypothesis and indicate that phosphorylation of tyro-
sine-1176 would rather promote ubiquitination and thus lyso-
somal degradation than recycling (Supplementary Fig. S1).
The here proposed ubiquitin-dependent mechanism would add
another level of dynamic regulation for L1 function to the ones al-
ready known including extracellular cleavage, lateral oligomeriza-
tion and/or transcriptional regulation [6].
In conclusion, our ﬁnding that L1 trafﬁcking is regulated by
ubiquitin provides a novel and additional mechanism regulating
L1 presence at the cell surface.Acknowledgements
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